Abstract-The effects of a brief hypoxic episode on synaptic activity in the CA1 region of the hippocampus were studied using the in vitro slice prepared from dietary Mg-deficient mouse. After 5 min of hypoxia, the synaptically evoked popu lation spike was increased in amplitude and developed to an epileptiform discharge. The induction of the epileptiform discharge following hypoxia was prevented in the presence of DL-2-amino-5-phosphonovaleric acid (APV), a N-methyl-D aspartate (NMDA) receptor antagonist, at a concentration of 30-50 tiM. The post-hypoxic epileptiform discharge, however, was reduced but not blocked completely by the application of APV (concentration up to 100 tiM). These results show that a brief hypoxic episode induces APV-sensitive epileptiform activity in the CA1 region of dietary Mg-deficient mouse, suggesting the involvement of NMDA receptors in post-hypoxic changes of synaptic transmission in the hip pocampus.
Anatomical (1) and biochemical studies (2) have suggested that an epileptiform ac tivity may arise as a consequence of ischemia. Suzuki et al. demonstrated by recording ex tracellular unit activity that a pronounced hyperexcitability occurred in the CA1 hip pocampal neuron after forebrain ischemia (3) . Furthermore, the neuronal hyperexci tability mediated by an excitatory amino acid has been implicated to be a factor con tributing to ischemic neuronal injury in the hippocampus (4, 5) . The usefulness of brain slices as a model system for studying hypoxic damage has been established (6) , but little is known about the occurrence of hypoxic seizure in this model. Thus this study was undertaken to examine if hypoxic seizure occurs in the hippocampal slice maintained in vitro. We report here that a brief hypoxic episode induces an epileptiform discharge in most hippocampal slices prepared from dietary Mg-deficient mice, but only occurs in a few slices prepared from normal mice. The possible causes of the post-hypoxic epilep tiform discharge are discussed.
Materials and Methods
Male ddy mice were fed with a Mg deficient diet (Mg=24 mg/kg dry wt.) beginning at three weeks of age. Mice on the Mg deprivation for 5-10 days exhibited deficiency symptoms including hyperirri tability. Control mice maintained under similar conditions were fed with a standard diet (Mg=300 mg/kg dry wt.). The whole brain Mg content of Mg-deficient mice measured by atomic absorption spectrophotometry was 156.7±1. 6 ,ug/g wet wt. (n=8), which is significantly lower (P<0.01, Student's t test) than that of normal mice (169.0±1.3 ag/ g wet wt., n=7). Experiments were performed on transverse hippocampal slices (400 pm thick). Before recording, the slice was pre incubated for about 1 hr at room temperature in oxygenated Krebs-Ringer solution com posed of 124 mM NaCI, 5 mM KCI, 1.24 mM KH2PO4, 26 mM NaHCO3, 2.4 mM CaCl2, 1.3 mM MgSO4 and 10 mM glucose. The slice was totally submerged in the recording chamber perfused with warmed (36°C) and oxygenated Krebs-Ringer solution at a flow rate of about 2.0 ml/min. Orthodromic stimuli (2-8 V, 200 usec duration, 0.5 Hz) were ap plied via a pair of sharpened tungsten elec trodes placed in the stratum radiatum. Ex tracellular field potentials were recorded with glass microelectrodes filled with the perfusate and placed in the pyramidals of the CA1 region. Hypoxia was induced by switching to the perfusion medium which had been equilibrated with 95% N2 and 5% CO2 instead of 95% 02 and 5% CO2 for 5 min. DL 2-Amino-5-phosphonovaleric acid (APV, Sigma) was added to the perfusate in a con centration of 30-100 /,M. The population spike amplitude was measured from the peak negativity to the line joining the pre and post-spike population excitatory postsynaptic potential. Numerical data are presented as the means±S. D.
Results
In the hippocampal slices prepared from both Mg-deficient and normal mice, orthodro mic stimulation usually evoked 1-2 popu lation spikes (Fig. 1 , Aa and Ba). In three out of 22 slices prepared from Mg-deficient mice, however, a burst response consisting of 3-4 population spikes, which was never seen in the slices prepared from normal mice, was evoked by a supramaximal stimulation (not shown). During 5 min of hypoxia, the am plitude of the first population spike was reduced by 31±14% (n=12) (Fig. 1 , Ab) in slices prepared from Mg-deficient mice and fully recovered within 5-10 min after reoxyge nation. In 19 out of 22 slices prepared from Mg-deficient mice, the amplitude of the first population spike increased by 27±12% (n= 12) without changes in the amplitude of the presynaptic volley and developed to an epileptiform discharge (ED) within 20-60 min after reoxygenation (Fig. 1, Ac) . The post-hypoxic ED consisted of 4-10 (mean 5) population spikes superimposed upon a pro longed positive deflection (40-80 msec) (Fig. 1, Ac) . In the other three slices prepared from Mg-deficient mice, the evoked responses were followed by small amplitude noisy de flections, but failed to develop to multi peaked population spikes even after 90 min of reoxygenation.
On the other hand, in most slices prepared from normal mice (10 out of 12 slices), 5 min of hypoxia reversibly de creased the amplitude of population spikes by 35±16% (n=10) (Fig. 1 , Bb) without causing any long-lasting changes ( Fig. 1,  Bc) . The post-hypoxic ED was developed in only two out of 12 slices prepared from normal mice. The post-hypoxic ED was also induced in three transected slices prepared from Mg deficient mice in which the CA1 region had been isolated from the CA2-CA3 region, suggesting that the CA2-CA3 region did not act as a pacemaker for the post-hypoxic ED. Since it has been reported (7, 8) that con vulsant-induced ED in the hippocampal slice is depressed by application of APV, a N methyl-D-aspartate (NMDA) receptor an tagonist, we examined the effect of APV on the ED following hypoxia. Figure 2, A and B show the responses recorded before ex posure to hypoxia and during reoxygenation following 5 min of hypoxia in the slice pre pared from a dietary Mg-deficient mouse, respectively. The application of 50 uM APV markedly depressed the amplitude of the second population spike by 56±9% (n=4) without affecting the first one (Fig. 2, Ab) . APV at concentrations from 50-100 lM also reversibly reduced the duration of the post hypoxic ED by 27±6% (n=5), but failed to block it (Fig. 2, Bb) . In the presence of 30-50 ,uM APV, 5 min of hypoxia decreased the amplitude of the first population spike by 28±11% (n=4) in the slices prepared from Mg-deficient mice (Fig. 3, Ac and B) . During reoxygenation following hypoxia in the pre sence of APV, the amplitudes of the first and the second population spike increased 23± 13% and 43±1 2%, respectively (Fig. 3, Ad  and B ), but the post-hypoxic ED failed to develop (n=4) (Fig. 3, B) . After washout of APV, however, an ED similar to that described above developed during reoxygenation fol lowing a further 5 min of hypoxia (n=4) (Fig.  3, Aa, h and B) .
Discussion
The present results show that the ED was developed during reoxygenation following 5 min of hypoxia in most slices (86%) prepared from dietary Mg-deficient but only observed in a few slices (17%) prepared from normal mice. The induction of the post-hypoxic ED was prevented by APV (Fig. 3, A a-d) . Once the ED was occurring during reoxygenation, however, an application of APV reduced but did not block this response (Fig. 3, A e-h) . These results suggest that activation of NMDA receptors is necessary for the induc tion but not for the maintenance of the post hypoxic ED.
The NMDA receptor-mediated component of the synaptic response in the hippocampus has been reported to be fully expressed, leading to ED in the presence of convulsant (7, 8) . The blockade of GABAergic inhibition by convulsant may allow the synaptic ac tivation of NMDA receptors because GABAer gic inhibition could hyperpolarize a membrane potential into the range at which NMDA receptor-linked channels can be inactivated by extracellular Mg (9, 10). Fujiwara et al. have demonstrated that the inhibitory postysynaptic potentials (IPSPs) evoked by supramaximal stimuli were markedly reduced by a brief hypoxic episode in the CA1 region of the hippocampal slice (11) . Thus the reduction of GABAergic inhibition during hypoxia may also trigger a development of the post-hypoxic ED by activating NMDA receptors. The precise cause of the reduction of IPSPs during hypoxia is unclear, but extracellular ion changes may play an im portant role. Transient accumulation of extracellular K+ and reduction of extracellular Ca2' have been reported to occur in the course of hypoxia (12, 13 ). An accumulation of extracellular K+ in the hippocampus during repetitive stimulation has been demonstrated to depress the efficacy of I PSPs by shifting the reversal potential in a depolarizing direction and reducing IPSP-conductance (14) . Furthermore, the increase in extracellular K+ during hypoxia would induce a membrane depolarization which can also contribute to the synaptic activation of NMDA receptors.
In rat hyppocampal slices, hyperexcitability of synaptic transmission following hypoxia was reported by some investigators (13, 15) but not by others (12, 16 
